Synopsis Coastal estuaries are among the most heavily impacted ecosystems worldwide with many keystone fauna critically endangered. The delta smelt (Hypomesus transpacificus) is an endangered pelagic fish species endemic to the Sacramento-San Joaquin Estuary in northern California, and is considered as an indicator species for ecosystem health. This ecosystem is characterized by tidal and seasonal gradients in water parameters (e.g., salinity, temperature, and turbidity), but is also subject to altered water-flow regimes due to water extraction. In this study, we evaluated the effects of turbidity and salinity on feeding performance and the stress response of delta smelt because both of these parameters are influenced by water flows through the San Francisco Bay Delta (SFBD) and are known to be of critical importance to the completion of the delta smelt's life cycle. Juvenile delta smelt were exposed to a matrix of turbidities and salinities ranging from 5 to 250 nephelometric turbidity units (NTUs) and 0.2 to 15 parts per thousand (ppt), respectively, for 2 h. Best statistical models using Akaike's Information Criterion supported that increasing turbidities resulted in reduced feeding rates, especially at 250 NTU. In contrast, best explanatory models for gene transcription of sodium-potassium-ATPase (Na/K-ATPase)-an indicator of osmoregulatory stress, hypothalamic pro-opiomelanocortin-a precursor protein to adrenocorticotropic hormone (expressed in response to biological stress), and whole-body cortisol were affected by salinity alone. Only transcription of glutathione-S-transferase, a phase II detoxification enzyme that protects cells against reactive oxygen species, was affected by both salinity and turbidity. Taken together, these data suggest that turbidity is an important determinant of feeding, whereas salinity is an important abiotic factor influencing the cellular stress response in delta smelt. Our data support habitat association studies that have shown greater delta smelt abundances in the low-salinity zone (0.5-6.0 ppt) of San Francisco Bay, a zone that is also understood to have optimal turbidities. By determining the responses of juvenile delta smelt to key abiotic factors, we hope to aid resource managers in making informed decisions in support of delta smelt conservation.
Introduction
Aquatic systems worldwide are changing in profound ways, and as the human population continues to grow, the impacts of anthropogenic stressors are likely to increase ). Stressors such as habitat loss, over-exploitation, pollution, invasive species, and climatic change have consequences for species' extinctions, loss of biodiversity, and overall ecosystem function (Dudgeon et al. 2006; Geist 2011) . Since contemporary aquatic species are being challenged with suites of anthropogenic stressors unlike those which have dominated their evolutionary histories, and because natural systems are almost always simultaneously subject to multiple, and possibly interacting stressors, there is a need to more comprehensively account for this in physiological and ecological studies as well as in conservation planning (Crain et al. 2008) . Coastal estuaries are among the most degraded aquatic habitats worldwide, and the management of estuaries and their resources are among our greatest conservation challenges. The San Francisco Bay Delta (SFBD) is one of the most highly anthropogenically-impacted estuaries in the United States (Cloern and Jassby 2012) , and its decline is well documented and not in dispute (Healey et al. 2008; Lund et al. 2010) . Current water-management practices in the SFBD are challenging because resource managers are charged with achieving co-equal goals: the provision of ecosystem services (largely the provision of a reliable water supply to Californians) and the maintenance of ecosystem health and function. The SFBD is subject to marine influences from the Pacific Ocean mixing with seasonally fluctuating freshwater input from the Sacramento and San Joaquin Rivers (Cloern and Jassby 2012) , providing unique gradients in water parameters (e.g., salinity and temperature), and providing the sediment and energy needed to shape the physical habitat. However, diversion of water for anthropogenic demands has vastly reduced the amount of freshwater inflow into the SFBD by approximately 40% in the average year (Lund et al. 2010) , and waters of higher salinity now move further upstream during the fall (Cloern and Jassby 2012) . Simultaneously, a rise in sea level is expected to force saline waters further inland and upstream (Smithson 2002 ).
The SFBD is substantially different from the historical Delta, and the effects of this change on native species are widespread (Moyle and Bennett 2008; NRC 2012) . Three pelagic fishes of the upper SFBD estuary (delta smelt, Hypomensus transpacificus; longfin smelt, Spirinchus thaleichthys; and age-0 striped bass, Morone saxatilis) have declined sharply since the early 2000s, and their populations have remained low over the past decade. The underlying causes of the pelagic organism decline are vigorously debated, and considerable efforts are underway to evaluate complex multistressor interactions that may be contributing to species' declines such as entrainment (i.e., fish drawn through intakes) at water pumping stations, loss of critical habitat, competition with and predation from non-native species, limited food due to changes in plankton communities, altered abiotic conditions, contaminants, and poor water quality (Bryant and Souza 2004; Hieb 2005; Feyrer et al. 2007; Sommer et al. 2007; Brown et al. 2009; Winder and Jassby 2011; Brooks et al. 2012 ).
The delta smelt is of particular interest as it is an endangered pelagic fish species endemic to the Sacramento-San Joaquin Estuary in northern California; it acts as an indicator of ecosystem health in its habitat range, and has been listed as endangered under both the USA Federal and Californian State Endangered Species Acts. Delta smelt are an annual, estuarine species able to withstand moderate fluctuations in salinity (Swanson et al. 2000) ; however, their distribution in the SFBD has been correlated with the low-salinity zone (LSZ), centered at 2 parts per thousand (ppt). The position of the 2-ppt-salinity isohaline (also referred to as ''X2'') is defined as the distance in kilometers from the Golden Gate Bridge to its location in the estuary (Jassby et al. 1995; Kimmerer 2002) . Although adult delta smelt have been found to tolerate short-term exposures to salinities up to approximately 19 ppt (Swanson et al. 2000) , typically few are observed at salinities 44 ppt, suggesting reduced performance or aversion to environments of higher salinity (Kimmerer 2002; Bennett 2005) . If so, then the impact of climatic change pushing the LSZ further upstream could result in the reduction of optimal habitat for this species in the SFBD. Additionally, adult delta smelt annually migrate upstream in the late fall-early winter to spawn, where their larvae develop in freshwater habitat until they reach post-larval stages and migrate downstream in the spring toward the LSZ (Bennett 2005) . The X2 is seasonally variable and dependent on flow regimes, which can be manipulated; it is closely managed to maintain habitats understood to be optimal for the delta smelt.
Turbidity in the SFBD can also vary greatly by location and season and is dependent on a range of factors such as tidal flux, wind, rainfall and water flow, algal growth, ambient light levels, and depth. Turbidity levels in excess of 100 NTU occur primarily during winter storms, or during summer when irrigation return-flows contribute substantially to sediment loads (Dahlgren et al. 2004) . Turbidity can impact fishes indirectly by influencing primary productivity and thus food-web dynamics, but turbidity levels can also affect some fish species directly. For example, it has been shown that larval delta smelt will not feed in clear water (BaskervilleBridges et al. 2004) , and it has been postulated that turbidity provides the visual contrast needed for delta smelt to see their prey. However, highly turbid waters may also reduce delta smelts' feeding success, likely by reducing their ability to visually identify the prey; however, this is greatly dependent on light intensity (Baskerville-Bridges et al. 2004 ).
The introduction of non-native species (e.g., the invasion of the suspension-feeding overbite clam, Corbula amurensis, believed to be largely responsible for large reductions in plankton populations) has also impacted turbidity in many regions of the SFBD (Nichols et al. 1986 Carlton et al. 1990; Jassby et al. 2002) . Given the likely sensitivity of delta smelt both to salinity and turbidity levels, it is important to understand how they impact delta smelts' performance, survival, and overall distribution in the SFBD.
In this study, we evaluated the effects of turbidity and salinity both on the feeding performance and on the stress response of delta smelt because both of these physicochemical parameters are influenced by water flows through the SFBD, and these factors are known to be of critical importance to the completion of the delta smelt's life cycle (Bennett 2005) . We hypothesize that the response of delta smelt to physicochemical parameters can be determined by combining mechanistic investigations (i.e., measuring the stress response using gene transcription and cortisol), with organismal and ecological measures of performance (i.e., feeding ability) under environmentally relevant combinations of environmental stressors. Our aim was to determine whether the habitat associations of delta smelt recorded in the field are a consequence of physicochemical parameters, such as turbidity and salinity, rather than other constraints, such as interspecific competition or predator-prey relationships. We highlight how physiological and behavioral studies that consider multiple and potentially interacting stressors are not only mechanistically revealing but also can aid resource managers in making informed decisions in support of fish conservation.
Materials and methods

Study animals
Juvenile delta smelt (120 days post hatch, dph) were raised at the Fish Conservation and Culture Laboratory (FCCL) UC Davis in Byron, CA, following specific aquaculture methods for this delicate species (Baskerville-Bridges et al. 2005; Lindberg et al. 2013 
Fish exposures
Two experimental tests are presented in this study: one to assess the feeding ability of delta smelt in response to exposures to salinity and turbidity, and the second to assess the physiological stress response measured via changes in gene transcription and assays of whole-body cortisol associated with exposures to salinity and turbidity. In both experimental tests, juvenile delta smelt (120 dph) were exposed in 9.5 l black high-density polyethylene buckets (US Plastic Corp.), for a period of 2 h, to an experimental matrix of turbidities and salinities. Preliminary tests in juvenile delta smelt held under culture conditions revealed a complete clearance time of 18 h from foregut through the intestine. Fish were therefore starved for 16 h prior to initiation of the test and an additional 2 h during acclimation to the test buckets to ensure their guts were empty. Delta smelt are commonly caught in the field in turbid waters up to 50 NTU and in the LSZ (0.5-6 ppt). Broadly, delta smelt habitat extends from the freshwater reaches of the Delta, seaward to $19 ppt and includes temperatures of 258C or lower. Distribution of delta smelt at a finer scale (i.e., in relation to life stage, tidal, seasonal and diurnal movements, turbidity, salinity, temperature, biotic variables, the environmental conditions conducive to feeding, and how these variables interact) are poorly understood (Bennett 2005; Feyrer et al. 2007; Nobriga et al. 2008) , and the mechanisms responsible for complex distribution patterns are largely unknown. In a preliminary, range-finding study, we found elevated mortaility after 24 h at turbidities 4120 NTU and salinities of 12 ppt. We therefore chose turbidity and salinity treatments that were physiologically challenging but nonlethal over at least 3 h, and encompass values typical and maximal for the habitats of juvenile delta smelt. Turbidity levels were adjusted using Nannochloropsis algae (Nanno 3600-High yield grow out feed, Reed Mariculture Inc., USA), whereas salinity was adjusted using Instant Ocean sea salt (Spectrum Brand Inc., USA). Handling control samples contained culture water without additional algae or sea salt. Air stones were used in all exposure vessels to maintain oxygen concentrations near saturation. Temperature (8C) was constantly monitored during exposures using iBcod temperature loggers (Alpha Mach Inc., Canada). DO (mg l À1 ), salinity (ppt), turbidity (NTU), and light intensity (lux) were measured at the beginning of a test using a YSI 55 DO meter (YSI Inc.), a YSI 63 handheld meter (YSI Inc., Xylem Brand, for conductance and salinity), a Hach 2100q portable turbidity meter (Hach company), and a Extech instruments easy view 30 light meter (FLIR commercial Systems). Our experimental design consisted of a 6 Â 5 matrix of turbidities and salinities, respectively. The nominal exposures were 0, 12, 25, 50, 120, and 250 NTU and 0, 2, 6, 12, and 15 ppt. Feeding tests were conducted in triplicate, each containing 10 juveniles per bucket (total 30 fish). After the 2-h exposure, fish were fed with freshly hatched live A. franciscana in abundance, dispensed in 100 ml solution at a density approximating 600 Artemia per ml (593 AE 98), based on current culture methodology (Baskerville-Bridges et al. 2004 , 2005 and resulting in a final density of 7 Artemia ml À1 . Fish were allowed to feed for a period of 25 min (determined through preliminary tests as the optimal time for ingesting Artemia to the foregut only and prior to digestion; data not shown) after which time they were immediately euthanized and stored in 75% ethanol for analysis of gut contents. Fish were euthanized with an overdose of MS-222 (Tricaine methanesulfonate, Finquel), at a dosage of 50 mg l À1 buffered to a neutral pH with sodium bicarbonate (NaHCO 3 ). Guts were later dissected, and the number of Artemia ingested was counted under a dissecting microscope. Termination of the test and sampling of each bucket was accomplished in 520 s. The assessments of physiological stress were conducted similarly using 10 juvenile delta smelt per 9.5-l bucket; fish were not fed for the duration of the test. Following the 2-h exposure period, fish were euthanized as described earlier, but whole fish were then immediately snap frozen in liquid nitrogen, and stored at À808C for assays of gene transcription and measurement of wholebody cortisol.
RNA isolation and quantitative polymerase chain reaction assessments
Total RNA was extracted from whole-body homogenates of individual fish, using TRIzol Reagent, (Ambion RNA, Life Technologies Corporation) according to manufacturer's guidelines. RNA concentrations were determined using a NanoDrop ND1000 Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA), total RNA 260/280 and 260/230 ratios ranged between 1.86-2.15 and 1.75-2.05, respectively. Total RNA integrity was verified through electrophoresis on a 1% (wt/vol) agarose gel. Between three and five fish per treatment were assessed by quantitative polymerase chain reaction (qPCR). Complementary DNA (cDNA) was synthesized using 1 mg total RNA per sample. Primers and probes for qPCR analyses (Table 1) were designed using Roche Universal Probe Library Assay Design Center (https://www.roche-applied-science.com). Primers were obtained from Eurofins MWG Operon (http://www.eurofinsdna.com), and TaqMan probes were supplied by Roche or Applied Biosystems. SDS 2.2.1 software (Applied Biosystems) was used to quantify transcription, and data were analyzed using the Log 2
ÀÁÁCt method (Livak and Schmittgen 2001) relative to handling control samples. Differences in transcription were calculated relative to Beta-Actin (b-actin); identified as a suitable reference gene for this assessment using GeNorm (Vandesompele et al. 2002) . Genes were selected to determine alterations in osmotic (Na/K-ATPase), oxidative (GST), and general (HSP70) stress, as well as to integrate parameters involved in corticosteroid stress pro-opiomelanocortin (POMC), and regulation (GR2 and MR1), and gluconeogenesis (GLUT2) in delta smelt (Table 1) .
Measures of whole-body cortisol
Cortisol extraction was performed on five fish per treatment, and the method was modified from studies carried out on zebrafish (Vijayan and Leatherland 1990; Alsop and Vijayan 2009; Cachat et al. 2010) . Briefly, samples were thawed and homogenized in 1 ml ice-cold 1Â phosphate-buffered saline (PBS buffer: sodium potassium combo, 0.08 mol l À1 disodium hydrogen phosphate, 1.36 mol l À1 sodium chloride, mol l À1 potassium chloride, 0.017 mol l À1 potassium phosphate monobasic) using a hand-held homogenizer. The homogenate was then split in equal amounts (500 ml) into two different tubes, one aliquot was transferred into a pyrex glass tube for the extraction of cortisol and the second aliquot into a 1.5 ml eppendorf tube for determination of
Multistressor effects on delta smelt 623 protein content. The cortisol extraction was performed three times for maximum yield, using 2.5 mL diethyl ether (VWR International LLC, USA) per sample. Glass tubes were capped and vortexed for 1 min. Subequently, samples were centrifuged for 15 min at 5000 rpm 3214 relative centrifugal forces (RCF) at 48C. The supernatant was retained and transferred to a new 20 ml glass vial. Samples were left overnight in the fume hood for complete evaporation of diehtyl ether before resuspension in 1 mL 1Â PBS and stored at 48C overnight. The cortisol assay (Cortisol Salivary Immunoassay, Salimetrics LLC) was then performed according to the manufacturer's instructions, and cortisol levels (mg d l
À1
) were calculated with a four-parameter sigmoid standard curve (minus curve fit). Cortisol levels were normalized to the protein content of each sample. Protein concentrations in the homogenate were determined using the bicinchoninic acid method (Pierce, Thermo Fisher Scientific Inc.). Protein samples were diluted 20-fold with 1Â PBS Buffer to match kit's serum albumin standards, and assay was performed according to manufacturer's instruction. Protein levels (mg m l À1 ) were calculated using a linear standard curve. Cortisol levels were normalized to total protein and expressed as cortisol concentration (pg cortisol mg protein À1 ).
Statistical analysis
Statistical analyses were performed using R version 2.15.2 (R-CoreTeam 2012). Specific R packages used are listed with corresponding analyses. For data on feeding, the glmmADMB package (Skaug et al. 2012) was used to construct generalized mixed models to evaluate relationships of salinity and turbidity with number of Artemia consumed (Bolker et al. 2009 ). Models employed a negative binomial distribution with a zero-inflation parameter to meet the needs of the data. Fish length (fork length in millimeters) was included as a covariate to account for variation in feeding response due to fish size. Models were generated for combinations of the hypothesized predictor relationships (9 total) ( Table 2) and were compared and selected using Akaike's Information Criterion corrected for small sample sizes (AIC c ; Anderson and Burnham 2002; Burnham and Anderson 2004) . AIC c is defined as:
where logL(jjy) is the maximized log-likelihood of the model parameters given the data, K is the number of estimable parameters, and n is the sample size . The best explanatory model was identified based on AIC c difference (Ái; i.e., the difference between the AIC c of model i and the lowest AIC c observed) and Akaike weight (w i ; calculated as the model likelihood normalized by the sum of all model likelihoods). Models with an AIC c difference (Ái; i.e., the difference between the AIC c of model i and the lowest AIC c observed) 52 were considered to be the most favored models, and w i closer to 1 indicated greater confidence in the selection of the favored explanatory model (Burnham and Anderson 2004) . The penalty imposed by AIC c for each additional parameter in a model is 2K þ (2K[K þ 1]/n À K À 1), such that the inclusion of an additional parameter may result in a new model that is Ái52, even if the parameter has no additional explanatory ability Arnold 2010) . Therefore, in the few cases where multiple models had Ái52, but differed by the inclusion of an additional parameter (K), all models are reported but the more parsimonious model was selected (Arnold 2010) . Biochemical data were transformed (cubed root) to meet assumptions of normality and analyzed with the R stats package 2.15.2 (R-CoreTeam 2012). For biochemical and transcriptomic responses, salinity and turbidity were treated as categorical variables in general linear models (GLMs; Quinn and Keough 2002) . Biochemical and transcriptomic responses can reflect a large variety of response curves, such as sublethal thresholds followed by nonmonotonic patterns of upregulation or downregulation as an organism heads toward their tolerance limit for a given stressor. Since this was the first time biochemical and transcriptional changes have been quantified in delta smelt in response to turbidity and salinity, this approach allowed us to focus on a smaller set of models to evaluate the contributions of the estimated parameters (Johnson and Omland 2004) , which can then inform future studies characterizing response curves in greater depth (Niehaus et al. 2012) . Models were generated, compared, and selected using similar methods as those described above for each gene or biochemical marker. Genes were checked against one another for issues of collinearity (none were found), and GLMs were constructed for each gene response. Model assumptions of normality of residuals were checked graphically, and homogeneity of variances was confirmed with Fligner-Killeen tests (Crawley 2007) . Graphics were created in the ggplot2 package version 0.9.3 (Wickham and Chang 2012) and Sciplot 1.1-0 (Morales 2012).
Results
Feeding
The full model (Artemia $ Salinity*NTU þ Length) and one including turbidity and the covariate fish length (Artemia $ NTU þ Length) were supported by AIC c and w i (Ái52; Table 2 ). The more parsimonious model (Artemia $ NTU þ Length) was selected as the best explanatory model (Arnold 2009 ); however, it is possible that salinity and its interactions with turbidity may also influence delta smelts' feeding ( Supplementary Fig. S1 ). The best model depicted a negative impact of turbidity on juvenile smelts' feeding (Supplementary Table S1 and Fig. 1) , with the number of Artemia ingested per fish particularly reduced at high turbidites (i.e., 250 NTU). The covariate fish size was also present in the supported model; while larger fish consumed more Artemia, the slope of this relationship was weak but consistent across all treatments ( Fig. 2 and Supplementary Table S1 ).
QPCR and biochemical assessments
In contrast to our findings that turbidity impacted feeding performance, salinity was the stressor that more consistently related to physiological stress, as measured by qPCR (Table 3 and Figs. 3 and 4) . The most favored models for Na/K-ATPase and POMC included only salinity as a predictor, whereas GST was best described by an additive model including both salinity and turbidity (GST $ Salinity þ Turbidity). The MR1 $ Salinity model was also within the Ái ¼ 2 cutoff for model selection (Ái ¼ 1.6); however, the null model was selected because it was more parsimonious and its w i was substantially above that of MR1 $ Salinity. Interestingly, the null model was the best-fit model for all other genes, including genes involved in the general response to stress, that is, HSP70, and specifically to corticosteroid regulation (GR2) and glucose transport (GLUT2). GLM tables of the selected models for genes (other than those for which the null model was selected) are detailed in Supplementary  Table S2 .
Sodium-Potassium ATPase is a key enzyme involved in ion transport during osmoregulation in fish and is a molecular indicator of osmoregulatory stress. Transcription of Na/K-ATPase increased with higher salinities (Supplementary Table S2 and Fig. 3b ). Glutathione-S-transferase (GST) is a detoxification system that defends cells against reactive oxygen species (ROS) and is also known to respond to osmotic stress in fishes (Choi et al. 2008) . Increasing salinity and turbidity affected the upregulation of GST transcription (Fig. 3c) . Hypothalamic POMC is a precursor protein of many hormonal peptides, including the pituitary adrenocorticotropic hormone (ACTH), which is transcribed in response to biological stress (Palermo et al. 2012) . Transcription of POMC also increased with salinity (Supplementary Table S2 and Fig. 4a ). However, as stated earlier, other genes related to glucocorticoid regulation and glucose transport (i.e., GR2, MR1, and GLUT2) did not exhibit the same pattern ( Fig. 4b-d) . The best explanatory model for the response of whole-body homogenate cortisol was 3ˇC ortisol $ Salinity (Table 4 and Supplementary Table S3) . Lactate exhibited a similar pattern; however, Ái ¼ 1 for the more parsimonious 3ˇL actate $ 1(null) model, and therefore was selected as more favorable. This was the same for glucose, for which the most parsimonious supported model was 3ˇG lucose $ 1(null). GLM tables of the selected models for cortisol are detailed in Supplementary Table S4 .
Discussion
Turbidity impacted juvenile delta smelts' feeding performance over the 2-h exposure period. Overall, there was a negative relationship between turbidity levels and feeding performance, with highest feeding rates at low turbidity (512 NTU), relatively Turbidity (NTU) log No. Artemia Consumed Fig. 1 . Graphic relationship between turbidity and feeding performance (number of Artemia ingested in 25 min) of juvenile delta smelt (see Table 2 for selection of model). Line denotes best-fit linear regression with shading of 95% confidence intervals. Data points are displayed with random position jitter (x, y ¼ 3, 0.2) and opacity to portray density of overlapping individual data points. The y-axis is depicted on a log scale to reflect the log link function applied in the negative binomial model. Table 2 for specific output of model). Line denotes best-fit linear regression with shading of 95% confidence intervals. Data points are displayed with random position jitter (x, y ¼ 3, 0.2) and opacity to portray density of overlapping individual data points.
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M. Hasenbein et al. persistent feeding rates over a broad range of turbidities (12-120 NTU), and a strong decline in feeding rates at levels of 250 NTU. Turbidity, defined as the distance that light penetrates the water column, and caused by individual particles such as suspended sediment, dissolved organic matter, and phytoplankton (Rice et al. 1994) , can have both positive and negative effects on fish, depending on the species (UtnePalm 2002). For instance in bluegill (Lepomis macrochirus) and adult cape silverside (Atherina breviceps), reduced feeding rates were reported at higher turbidities (Gardner 1981; Hecht and Van der Lingen 1992) . This is supported by our findings, in which delta smelt exhibited reduced feeding rates at 250 NTU. Studies carried out by Baskerville-Bridges et al. (2004) on larval delta smelt found highest feeding rates at 11 NTU and 22.8 lux, and stressed the significant interaction between turbidity and light intensity. This interaction may explain why feeding was highest at low turbidity as the average light intensity utilized in our test was 1.04 lux, matching that of the holding tanks, but lower than the reported tests conducted on larval delta smelt. This low light intensity may also have further impeded feeding at the highest turbidity levels of 250 NTU. It is known that increasing turbidity reduces the reactive distance in fish (Utne-Palm 2002), thereby minimizing the volume of water that the fish can potentially search for food (Hecht and Van der Lingen 1992) . Delta smelt are visual predators; thus, feeding is more likely to occur through direct encounters with prey under highly turbid conditions such as the tested 250 NTU. A general observation while conducting this test was that swimming activity increased at low turbidity, and fish were seen more often swimming near the surface in the clear treatments. This higher activity may be due to the fish sensing the handler's presence, thus triggering escape responses and Multistressor effects on delta smelt 627 searching behavior, since turbidity is expected to reduce stress levels in fish by providing protection from predators (Gregory and Northcote 1993; Sirois and Dodson 2000) . Our test was designed, however, to function at low light intensity due to the depth restrictions imposed by the exposure vessels. Low light intensity within a shallow container may have allowed delta smelt to utilize the available water column; occupying the surface and utilizing darker (simulating depth) zones that would not have been available had higher light intensities been used. It is important to note that this study was conducted using algal suspensions of Nannochloropsis to modify turbidity. This is the same algal suspension that is used at the culture facility to rear larval delta smelt (Baskerville-Bridges et al. 2005) , and there were no signs of ingested algae in the smelts' guts in any of the treatments. Although this approach is not directly representative of the mixed, and highly variable composition of suspended particles, dissolved organic matter, and diverse phytoplankton communities present in the SFBD, our data do provide evidence for relatively consistent feeding performance at turbidities up to 120 NTU at the light intensity assessed. In nature, delta smelts' feeding performance may vary due to variation in turbidity as well as to natural light intensity. Delta smelt are known to be relatively abundant in the LSZ (Moyle et al. 1992; Hobbs et al. 2006) , and wild delta smelt, collected during monitoring efforts, often are observed in association with turbidities between 10 and 50 NTU . Our data are consistent with these observations and suggest that juvenile delta smelt are capable of consistent feeding across the range of turbidities and salinities that are typical of their SFBD habitat.
Although turbidity was the factor that significantly impacted juvenile delta smelts' feeding performance, the gene transcription and biochemical data suggest that salinity was the dominant factor affecting Fig. 3 . Gene markers for general stress, salinity, and oxidative stress, in delta smelt (120 dph) dependent on salinity and turbidity variables following a 2-h acclimation period. Log 2 -fold change in gene transcription relative to b-actin, AEstandard errors. Heat Shock Protein 70 kDa (HSP70), sodium-potassium ATPase (Na/K-ATPase), and glutathione-s-transferase (GST).
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M. Hasenbein et al. osmoregulation and the generalized stress response in juvenile delta smelt. During transfer to saltwater, many fish alter gill NaK-ATPase enzyme activity, facilitating ion exchange and osmoregulation (Evans 2008 ). An increase in gill NaK-ATPase enzyme activity is often preceded by, or accompanied by, increases in NaK-ATPase mRNA expression, and changes in NaK-ATPase mRNA expression patterns have been shown in many fish species following transfer to saline conditions; for example, rainbow trout (Richards et al. 2003) , killifish (Scott et al. 2004) , and Atlantic salmon (Bystriansky and Schulte 2011) . In delta smelt, the transcription of NaK-ATPase as well as GST increased in response to increasing salinity. GST is a detoxification system that defends cells against ROS, and responds to osmotic stress in fishes (Choi et al. 2008) . Taken together, these data suggest that the transcription of Na/K-ATPase and GST may play a role in juvenile delta smelts' responses to osmotic stress.
Cortisol is the main corticosteroid hormone in fish that is expressed in response to stress, and changes in the transcription profiles of osmoregulatory genes in fish gills in response to seawater are Fig. 4 . HPI axis, corticosteroid regulation stress, and glucose transporter responses in delta smelt (120 dph) dependent on salinity and turbidity variables following a 2-h acclimation period. Log 2 -fold change in gene transcription relative to b-actin, AEstandard errors. Pro-opiomelanocortin (POMC), glucocorticoid receptor 2 (GR2), mineralocorticoid receptor 1 (MR1), and glucose transporter 2 (GLUT2).
Multistressor effects on delta smelt 629 thought to be hormonally mediated. Many studies report elevated cortisol following transfer to seawater (McCormick 1995 (McCormick , 2001 , and these increases can be rapid (minutes to hours) and persistent (over days) depending on the severity of the osmoregulatory challenge. Hypothalamic POMC is a neuroactive ligand-receptor, and precursor protein to the ACTH, which is expressed in the anterior pituitary and is a major secretagogue of cortisol. That is, POMC is a major precursor to the activation of the hypothalamic-pituitary-interrenal (HPI) axis, the system responsible for the secretion of cortisol in teleosts (Mommsen et al. 1999; Alsop and Vijayan 2009; Schjolden et al. 2009; Palermo et al. 2012) .
Corticosteroid receptors, such as glucocorticoid and mineralocorticoid receptors, function to regulate gene transcriptions that are implicated in responses to stress (Alsop and Vijayan 2009; Savitz et al. 2009 ). Glucocorticoid receptors are induced by cortisol, while mineralocorticoid receptors mediate effects on electrolyte and fluid balance, and are known to downregulate glucose transport systems (Korgun et al. 2011) . It is interesting, therefore, that neither of the measured corticosteroid receptors nor the glucose transporter, responded significantly to the salinity treatments.
In delta smelt, hypothalamic POMC transcription was induced at high levels of salinity (15 ppt), suggesting greater effects on activation of the HPI axis. However, while the best explanatory models indicated that cortisol from whole-body homogenates also increased at higher salinities, transcription of neither the corticosteroid receptors nor the glucose transporter responded. Vijayan and Leatherland (1990) reported that during chronic stress, plasma cortisol in brook charr are elevated, then fall back to resting levels, and that cortisol clearance levels are dependent on corticoid receptors, binding proteins and tissue uptake of cortisol. It is probable that cortisol dynamics are complex and highly variable in delta smelt, which are notoriously delicate and sensitive to handling stress, with reported mortality rates above 90% in field-caught adults; this sensitivity has resulted in specific collection and transport procedures published for this species (Swanson et al. 1996) . It is known that delta smelts' tolerance to stress is limited (Swanson et al. 1996; Connon et al. 2009 Connon et al. , 2011a Connon et al. , 2011b , which may account for the variable results related to the cortisol pathways determined in this study. Furthermore, and more specifically, assessments need to be conducted to establish cortisol levels and related genes in delta smelt, elicited by differing stressors (e.g., high stocking density, confinement, and toxicant exposure), and at different life stages, to more fully interpret the complexity in the responses measured.
The overall response profiles of gene transcription measured in this study are nonmonotonic. Nonmonotonic dose-response curves are not uncommon, especially in complex mechanistic studies, and inflexions in transcription responses have been postulated to represent thresholds of maximum stress (Conolly and Lutz 2004; Heckmann et al. 2008; Connon et al. 2011b Connon et al. , 2012 Vandenberg et al. 2012) . They have been observed following exposure to contaminants at concentrations at which significant mechanistic effects, determined by qPCR, correspond with detrimental effects upon behavior, such as swimming performance (Beggel et al. 2010; Fritsch et al. 2013) , and they have been universally acknowledged by endocrinologists (Vandenberg et al. 2012; Zoeller et al. 2012) . Transcription of the aforementioned genes (Figs. 3 and 4 ) also profile the same response curve with respect to turbidity. This response curve is mostly inversed from that of the salinity responses, but also follows a nonmonotonic response, increasing with elevated turbidity at either 12 or 25 NTU, and reducing at 50 and 120 NTU, with a secondary and significant upregulation at 250 NTU. This increase and resulting inflexion is likely to represent maximum tolerance levels, beyond which long-term detrimental effects would be observed. We hypothesized that delta smelts' physiological performance in response to physicochemical parameters (i.e., salinity and turbidity) could be determined through measurements of feeding ability and biochemical and molecular parameters that relate to physiological stress. Integrating both assessments (feeding and physiological stress), overall responses following a 2-h acclimation period indicate an optimal performance at low turbidity and at a salinity between above 0 and 6 ppt, with detrimental effects at turbidities above 120 NTU and salinities at or above 12 ppt. These results are supported by field studies that associate delta smelts' abundance with 0.5-6 ppt (Moyle et al. 1992; Kimmerer 2002; Hobbs et al. 2006 ) and turbidities of 10 and 50 NTU . Our study provides insight into optima for juvenile delta smelt with respect to the assessed parameters, that will guide future longterm, multi-lifestage evaluations toward assessing the fundamental niche for this species. Future assessments will address larval, juvenile, and adult lifestages, additional stressors and timescales of exposures, and consider additional light intensities that encompass ecological and seasonal ranges, to more comprehensively assess the habitat requirements of delta smelt. Nevertheless, this study has insofar supported past and current field assessments of delta smelts' habitat and distribution, and should be informative to SFBD resource managers.
